Much attention has been paid to grain boundaries (GBs) in ceramics owing to the impact on material properties. GB atomic scale investigations have so far mostly focused on the major structures. However, actual GB structure is more complex; there could be multiple types of atomistic structure and different morphology such as step and facet. As a case study to characterize these, we report extensive scanning transmission electron microscopy observations for a zinc oxide (ZnO) [0001] 27.8°(13, in the framework of coincidence site lattice theory) tilt GB doped with praseodymium (Pr) in this paper. In addition to the major structure that covers most of the (25 70) GB plane area [Sato et al., Phys. Rev. B, 87, 140101 (2013)], two types of metastable atomistic structure are found. One is the secondary structure for the (25 70) GB plane area, which is mostly found near facets. The other is a different type of atomistic structure formed in facets. Pr concentration is lower in the secondary structure than in the major structure. It is thus demonstrated that there is a variety in the atomistic structure and chemical composition within a single GB.
Introduction
Much attention has been paid to grain boundaries (GBs) in ceramics owing to the impact on material properties. 1) 7) The atomic-scale structure has been characterized by transmission electron microscopy (TEM) and scanning TEM (STEM). Mostly because of the difficulty in these experiments, atomic-scale analysis has often been limited in small area of GB, and most of the studies have focused only on major structure. On the other hand, GB actually includes not only the major atomistic structure but also metastable ones. Furthermore, the GB plane is not completely flat in large area but could be stepped, curved, or facetted. 8 ), 9) In recent years, stability in electron microscopy observations has been largely improved, which allows us to investigate GB atomistic structure in larger area by a quantitative manner. 10) One of typical electroceramics where GB has an impact on the properties would be zinc oxide (ZnO) ceramics. This is because ZnO ceramics doped with praseodymium (Pr) and some other additives exhibit highly nonlinear currentvoltage (IV) characteristics that originate from the GBs.
11) Therefore, in order to characterize the atomic-scale GB structure and further to understand the microscopic origin of nonlinear IV characteristics, we have studied some of ZnO GBs doped with Pr with STEM.
11)13)
We have used ZnO [0001] tilt GBs fabricated within bicrystals, since orientation relation of the two crystals can be controlled [ Fig. 1(a) ]. We have recently found that the Pr doping and increase of the tilt angle up to 27.8° (13, in the framework of coincidence site lattice theory 14) ) cooperatively induce the structural transformation [ Fig. 1(b) ]. 13) Atomistic structures of the 16.4°(49) and the 21.8°(7) GBs are described as structural units (SUs) of ¡ and/or ¢, while that of the 27.8°GB is characterized as another SU type, the SU £ [ Fig. 1(c) ]. This 11)13) There are three kinds of SUs; ¡, ¢, and £. The SUs ¡, ¢, and £ respectively include six-and eight-membered rings, four-and sixmembered rings, and four-, eight-and six-membered rings.
implies that atomistic structure in the larger area should be investigated because multiple types of structure are likely to coexist and if so relative stability should be discussed. In this paper, we report atomic-scale STEM observation for a larger area of the Pr-doped ZnO [0001] 27.8°(13) tilt GB.
Experimental procedure
In the present study, the ZnO bicrystal specimen that was used in our previous study 13) is again studied. The bicrystal was fabricated by bonding two ZnO single crystals (Shinkosha Co. Ltd.). In the beginning, the {25 70} surface of the crystals was polished to the mirror state. Then, a thin layer of Pr metal with nominal thickness of 5 nm was deposited on the surface of one crystal. One crystal was set on the other so that the bicrystal possess [0001] 27.8°tilt GB [ Fig. 1(a) ]. The crystal set is heat treated at 1,100°C for 10 h in air under the uniaxial load of about 1.5 MPa for bonding. The heating and cooling rates were 300°C/h.
Thin foils for STEM observation were prepared by conventional methods that include mechanical polishing and Ar-ion beam milling processes. STEM observations were carried out using JEM-2100F (JEOL Ltd.) with a spherical-aberration corrector for the electron probe (CEOS Gmbh). The probe forming aperture semiangle was 22 mrad. Bright-field (BF) and annular dark-field (ADF) images were acquired with the detection angle ranges of about 013 mrad. and about 100230 mrad., respectively. Energy dispersive spectroscopy (EDS) analysis was performed using the EDS system and software attached to the JEM-2100F microscope.
Results and discussion
It has been confirmed that the two crystals are directly bonded at the GB [ Fig. 2(a) ]. The GB plane is flat and parallel to {25 70} of the adjacent crystals in most of the area, and there are facets that are almost parallel to {10
10} and {11 20} of the adjacent crystals. The actual GB tilt angle was identified to be about 27.8°f rom selected area diffraction pattern, which is quite close to the ideal value for 13 orientation relation. The GB has been further characterized at higher magnification [ Fig. 2(b) ]. Since contrast of ADF STEM image depends on the atomic number (Z) of the constituting elements, 15) Pr (Z = 59) looks brighter than Zn (Z = 30) does, and therefore the brightest spots indicate the presence of Pr. It is clearly seen that Pr strongly segregates to the GB. GB segments can be characterized by the GB plane orientation and the Pr segregation pattern. Continuous Pr segregation pattern with the brightest contrast is recognized in the {25 70} GB plane. Since this segment covers roughly 77% of the {25 70} GB plane area, it will be called major structure hereafter. Pr segregation pattern with less bright contrast is seen in the rest of the {25 70} GB plane area, which will be called secondary structure. Our inspection interestingly reveals that the secondary structure mostly forms near facets. Also, there are facets that are almost parallel to {10
10} and {11 20} of the adjacent crystals. Atomistic structure of major structure is described by the repetition of SUs £ [ Fig. 3(a) ] as we have reported. 13) On the other hand, the secondary structure is described as the SU alignment of ¢-¡ ¡ [ Fig. 3(b) ] which is similar to that of the undoped case. 13) Since contrast for Pr-containing columns seems less bright as compared with the major structure case, occupancy of Pr in these columns may be lower. Relative location of Pr within the SUs ¡ and ¢ is similar to those in the 16.4°and the 21.8°GB cases. 11),12) In addition to SU descriptions, these structures have been analyzed by circuit mapping formalism. 16 ) GB structure can be characterized with dislocationlike feature with this formalism, which has been used to analyze ZnO and GaN [0001] tilt GBs.
17)20) Circuits (S 1 -X-F 1 and S 2 -X-F 2 ) are drawn around a GB period and then circuits with identical components are mapped into grain interior [Figs. 3(c) and 3(d) ]. Then, the circuits exhibit closure failures, where vectors from the finishing to the starting points (F 1 -S 1 , F 2 -S 2 ) correspond to dislocation content of the GB period. Here, both of the structures exhibit the failures with ¹3a 1 = [1 210] , which is the content of primary dislocations for these structures. Here, a 1 is one of the smallest lattice vectors in the ZnO crystal.
It is also found that there is a step in between major and the secondary structures [ Fig. 4(a) ].
Step can also be analyzed using circuit mapping formalism, which often falls into secondary dislocation character. A circuit (S 3 -X-F 3 ) to surround a step is drawn first. Next, a circuit with identical component is mapped into a dichromatic pattern for the 13 orientation relation [ Fig. 4(b) ]. Then, the circuit exhibits closure failure with a small Burgers vector of b. The Burgers vector can be understood as the Fig. 4 (a) . h() and h(®) represent the step height for the upper and the lower crystals. It should be noted here that (10 10) and (11 20) of the adjacent crystals are not actually parallel but these make the angle of 2.2°[ Fig. 5(b) ], which may lead to local strain to accommodate the angle deviation. Furthermore, EDS spectra were measured (Fig. 6 ) in order to compare the Pr concentration in major and secondary structures, and facet. ZnK, ZnL, OK, and PrL lines are detected in all the cases [Figs. 6(a)6(c)]. In this study, eleven spectra were used to quantify the Pr concentration for each case. Average Pr concentration and standard error in cation % were estimated to be 9.5 («0.3), 5.1 («0.2), and 7.1 («0.3) in major and secondary structures and facet, indicating that the major structure has higher Pr concentration than that the secondary structure does.
Relationship among atomistic structure, Pr concentration, and morphology of the GB is summarized as shown in Fig. 7 . GB is mostly composed of the flat {25 70} GB plane area and partly of facets that are almost parallel to {10 10} and {11 20}of the adjacent crystals. Major structure with SU £ forms in most of the flat {25
70} GB plane area. Secondary structure with SUs ¡ and ¢ appears in the rest of the area, mostly near facets. There is a step in between the major and the secondary structures, and the step is characterized as secondary dislocation with the Burgers vector of 1/39 [5 720 ]. Pr concentration is lower for the secondary structure than that for the major structure. Formation of secondary structure may be related with the facet. It is considered that there is strain field near facets. If the major structure is not preferred under strain, the secondary structure may form instead.
Summary
Extensive STEM observations were carried out for a larger area in Pr-doped ZnO [0001] 27.8°(13) tilt GB. Relation among atomistic structure, segregation behavior of Pr, and morphology has been analyzed and discussed. An important implication is that GB morphology such as step and facet has a potential impact on not only the atomistic structure but also the chemical composition. Fig. 7 . Relation among the atomistic structure (SU), Pr concentration, and morphology (GB plane orientation, step, and facet). Table 1 . Details for the circuit mapping analysis of a step in Fig. 4 (a) . c(), c(®), and c(, ®) denote the vector S 3 -X in the upper crystal, the vector X-F 3 in the lower crystal, and the vector S 3 -X-F 3 for the GB. h() and h(®) denote the step height, n is the unit vector normal to the GB plane, b is the Burgers vector of secondary dislocation, and P 13 is a matrix that re-expresses the vectors in the lower crystal (®) into those in the upper crystal () 21) Upper 
